Hydroxamic acid (HA)-based histone deacetylase (HDAC) inhibitors, with trichostatin A (TSA) as the reference compound, are potential antitumoral drugs and show promise in the creation of long-term primary cell cultures. However, their metabolic properties have barely been investigated. TSA is rapidly inactivated in rodents both in vitro and in vivo. We previously found that 5-(4-dimethylaminobenzoyl)aminovaleric acid hydroxyamide or 4-Me 2 N-BAVAH (compound 1) is metabolically more stable upon incubation with rat hepatocyte suspensions. In this study, we show that human hepatocytes also metabolize TSA more rapidly than compound 1 and that similar pathways are involved. Furthermore, structural analogs of compound 1 (compounds 2-9) are reported to have the same favorable metabolic properties. Removal of the dimethylamino substituent of compound 1 creates a very stable but 50% less potent inhibitor. Chain lengthening (4 to 5 carbon spacer) slightly improves both potency and metabolic stability, favoring HA reduction to hydrolysis. On the other hand, C␣-unsaturation and spacer methylation not only reduce HDAC inhibition but also increase the rate of metabolic inactivation approximately 2-fold, mainly through HA reduction. However, in rat hepatocyte monolayer cultures, compound 1 is shown to be extensively metabolized by phase II conjugation. In conclusion, this study suggests that simple structural modifications of amidelinked TSA analogs can improve their phase I metabolic stability in both rat and human hepatocyte suspensions. Phase II glucuronidation, however, can compensate for their lower phase I metabolism in rat hepatocyte monolayers and could play a yet unidentified role in the determination of their in vivo clearance.
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Histone deacetylase inhibitors (HDACi) have a high therapeutic potential as antitumoral drugs Piekarz and Bates, 2004; Vanhaecke et al., 2004b) and are being explored as new agents to prevent and/or treat several inflammatory diseases (Niki et al., 1999; Rombouts et al., 2002; Hockly et al., 2003; Rahmani et al., 2005; Blanchard et al., 2005a) . In addition, they are components of a new strategy to prevent the spontaneous dedifferentiation of primary cells when isolated from their originating tissues and to positively affect the maturation of expanded stem cells. Exciting results have been obtained with respect to the longterm cultivation of primary rat hepatocytes and the creation of hepatocyte-like cells from adult rat and human bone marrow Rogiers et al., 2004; Vanhaecke et al., 2004a; Vinken et al., 2006) .
Several structurally divergent classes of HDACi have now been synthesized or discovered. They are characterized by the size of their cap group and the nature of their functional group (Piekarz and Bates, 2004; Vanhaecke et al., 2004b) . Hydroxamic acid (HA)-based small molecule HDACi, structurally derived from the naturally occurring compound (R)-(ϩ)-trichostatin A (TSA, Table 1), constitute one of the most important classes because they potently inhibit HDAC in a reversible way (Finnin et al., 1999) . One of these TSA analogs, SAHA (suberoylanilide hydroxamic acid, vorinostat), is currently in phase I and II clinical trials for the treatment of hematologic and solid tumors (Kelly and Marks, 2005; Krug et al., 2006) .
Xenobiotic biotransformation is generally recognized as a key determinant of the efficacy and toxicity of a potential new drug (Li, 2001; Elaut et al., 2002) . However, little information on the biotransformation of HA-based HDACi is available in the current literature, and attempts to optimize their metabolic properties have been scarce. We previously showed that 50 M TSA is completely inactivated within 40 min upon incubation with rat hepatocyte suspensions (Elaut et al., 2002) . Another group (Sanderson et al., 2004) subsequently reported a half-life of 6.3 min upon peritoneal administration of TSA (0.5 mg ⅐ kg) to mice. Likewise, SAHA displays a low half-life (2-3 min) in rat .
In the search for metabolically more stable TSA derivatives, we recently found the amide-linked analog 5-(4-dimethylaminobenzoyl)aminovaleric acid hydroxyamide or 4-Me 2 N-BAVAH [further referred to as compound 1 (Table  1) ] to be considerably more resistant to metabolic inactivation by rat hepatocytes in suspension ).
This could imply that simple structural modifications of the TSA aliphatic spacer already can generate significantly more stable inhibitors.
We now report data on the biotransformation of eight other amide-linked TSA analogs (compounds 2-9) (Jung et al., 1997 (Jung et al., , 1999 Van Ommeslaeghe et al., 2003) (Table 1) in rat hepatocyte suspensions. Furthermore, because no human data are available yet in the current literature, the metabolic properties of TSA, compound 1 and the most stable and active analog 7, are studied in human hepatocyte suspensions. Finally, because of the potential use of TSA-like HDACi to optimize primary hepatocyte cultures, a series of experiments is performed with rat hepatocyte monolayers. This also gives us the opportunity to identify potential phase II biotransformation pathways and elucidate the metabolic patterns after long-term exposure.
Materials and Methods
Chemicals and Reagents. Acetonitrile (HPLC grade), ␤-glucuronidase from bovine liver B-3, ␤-glucuronidase-sulfatase mollusk TABLE 1 Chemical structures, in vitro rat hepatocyte HDAC inhibition data, and major phase I biotransformation pathways of TSA and the synthesized amide-linked analogs in rat hepatocyte suspensions Benzamides 1 to 7 were prepared as described previously by Jung et al. (1997 Jung et al. ( , 1999 ; compounds 8 and 9 were synthesized as described by Van Ommeslaeghe et al. (2003) . HDAC inhibition determinations and biotransformation experiments were performed as described under Materials and Methods. Synthesis of the Amide-Linked Analogs. Benzamides 1-7 (Table 1) were prepared as described previously by Jung et al. (1997 Jung et al. ( , 1999 by coupling of the benzoic acid to the methyl ester of 5-aminovaleric acid, 6-aminohexanoic acid, and (E)-5-amino-2-pentenoic acid, followed by saponification of the ester, formation of the Obenzyl hydroxamate, and hydrogenolysis. Compounds 8 and 9 (Table 1) were synthesized as described by Van Ommeslaeghe et al. (2003) .
The O-benzyl group of compounds 5 and 8 was removed by treatment with liquid anhydrous hydrogen fluoride. Stock solutions (200 mM) of each compound and of TSA were prepared in DMSO, stored at Ϫ20°C, and diluted as required for each experiment.
Determination of in Vitro HDAC Inhibition Potency. The inhibition of HDAC activity in crude rat hepatocyte lysates was assessed according to the procedure described by Kölle et al. (1998) , with some modifications. Freshly isolated rat hepatocytes (see next paragraph) were homogenized by sonication (Labsonic U; B. Braun Laboservice N.V., Kontich, Belgium) in a 50 mM Tris⅐HCl buffer, pH 7.5, containing 0.25 mM sucrose, 25 mM KCl, and 5 mM MgCl 2 . Protein concentrations, after centrifugation (10000g, 5 min, 4°C), were determined according to the Bradford procedure (Bradford, 1976 ) using a Bio-Rad protein assay kit (Bio-Rad, Brussels, Belgium), with bovine serum albumin as a standard. Enzyme preparation aliquots of 25 l (protein concentration, 6 mg/ml) were mixed with 5 l of compound solution and preincubated on ice for 15 min. The reaction (30°C, 20 min) was started by the addition of 10 l of [ 3 H]acetate-prelabeled histones (1 mg/ml) and terminated with 36 l of 1 M HCl/0.4 M sodium acetate and 800 l of ethyl acetate. After centrifugation (10000g, 5 min), [
3 H]acetate in the upper ethyl acetate phase was estimated by radioactive counting. For determination of the 50% inhibitory concentrations (IC 50 ), six concentrations of each compound (within the range of 5 nM-100 M) were tested in triplicate. Homogenization buffer and 0.05% v/v DMSO were used as negative controls, whereas incubations with a 5-min boiled cell extract served as a blank.
Incubations with Primary Rat Hepatocytes. A two-step collagenase perfusion technique was used to isolate the hepatocytes from the liver of male outbred SpragueDawley rats (200 -300 g; Charles River Laboratories, Brussels, Belgium), which were kept under controlled environmental conditions (12-h light/dark cycle) and fed a standard diet (Animalabo A 04) with water ad libitum. Procedures for the accomodation of the animals and for the isolation and cultivation of the rat hepatocytes were approved by the local ethical committee of the Vrije Universiteit Brussel (Brussels, Belgium).
Freshly isolated hepatocyte suspensions (2 ϫ 10 6 cells/ml, HEPES buffer, pH 7.65, 37°C) were exposed to TSA, the synthesized HAcontaining analogs, or the solvent control (0.1% v/v DMSO) for 3 h. Samples for biotransformation (extracellular medium) and lactate dehydrogenase (LDH) index analyses were taken (Elaut et al., 2002 (Elaut et al., , 2005 . Nonmetabolic degradation was assessed by incubation with 2-min boiled cells.
To investigate long-term biotransformation and in particular potential phase II conjugation of TSA and compound 1, rat hepatocyte monolayer cultures were used. Freshly isolated rat hepatocytes were cultured on 35-mm (ဧ) Petri dishes at a density of 1.12 ϫ 10 5 cells/cm 2 at 37°C in an atmosphere of 5% CO 2 and 95% air and 100% relative humidity. After plating in Williams' E medium supplemented with 10% v/v FBS, 2 mM L-glutamine and antibiotics (7.3 IU/ml benzylpenicillin, 50 g/ml streptomycin sulfate, 50 g/ml kanamycin monosulfate, and 10 g/ml sodium ampicillin), the cells were allowed to attach to the plastic substrate for 4 h. Serumcontaining medium then was removed, and fresh serum-free culture medium supplemented with hydrocortisone sodium hemisuccinate (0.5 g/ml), glucagon (0.007 g/ml), and bovine insulin (5 g/ml) was added. One-day-old cultures were exposed to TSA (25 M), compound 1 (50 M), or the solvent control (0.05% v/v DMSO) during 24 h. Medium samples for biotransformation analysis were taken by submersion of 1-ml aliquots in liquid nitrogen. For studying the intracellular biotransformation profiles, the cell monolayer was scraped off and washed in ice-cold phosphate-buffered saline. The collected cell pellets were sonicated (Labsonic U; B. Braun Laboservice N.V.) in methanol (1 ml) and centrifuged (2000g, 30 min, 4°C), and the supernatants were stored at Ϫ80°C until further analysis.
Incubations with Primary Human Hepatocytes. Adult normal liver samples were obtained from 16 patients (male/female, aged 22-68) undergoing partial hepatectomy for primary or secondary liver tumors. The hepatocytes were isolated by a two-step collagenase perfusion through the existing vasculature or by direct injection of collagenase into the liver parenchyma (Alexandre et al., 2002) . All experimental procedures were done in compliance with French laws and regulations and were approved by the National Ethics Committee. After Percoll purification (33% v/v) (Chesné et al., 1993) , cell viability was estimated by trypan blue dye exclusion (45-86%). The freshly isolated cells in suspension were either used directly for incubation (three donors) or cryopreserved for later use by the progressive freezing procedure described previously by Alexandre et al. (2002) (12 donors) . To be able to analyze differences induced by the cryopreservation procedure, cells isolated from the 16th patient were partly used directly and partly cryopreserved for later biotransformation experiments.
Incubations were carried out with either 50 M TSA, 50 M compound 1, 0.025% v/v DMSO, or only buffer in conditions identical to the ones used for rat . Cryopreserved cells (stored for no longer than 6 years) were thawed by immersion in a 37°C water bath. DMSO was removed by dilution with Leibovitz L-15 medium containing 10% v/v FBS, and the hepatocytes were washed and suspended in HEPES buffer (pH 7.65, 4°C). Cell number, viability, and yield were assessed by trypan blue dye exclusion. Percoll (20% v/v) purification of the thawed hepatocytes was only performed when cell viability was low (Ͻ 60%).
Determination of Cell Membrane Damage. Hepatocyte membrane damage was evaluated by determination of the LDH index (ϭ 100 ϫ LDH activity in the supernatant divided by the sum of LDH activity in the supernatant and in the cells) using a Merckotest (VWR International, Leuven, Belgium).
Analysis of Biotransformation. Samples taken for determination of the intracellular amounts of parent compounds and metabolites were analyzed directly after thawing without further treatment. Samples for extracellular medium profile determinations were centrifuged (120g, 2 min, 4°C), and their supernatants were cleaned up by solid-phase extraction (Waters Oasis HLB Cartridges; Waters Corporation, MA) as described previously (Elaut et al., 2002 . Information on reversible protein binding of the metabolites was obtained through treatment of the extracellular medium samples with an equal volume of acetonitrile:methanol (1:1), followed by centrifugation (200g, 30 min, 4°C). After drying (N 2 , 45°C) and dissolving the samples in 60 mM sodium acetate/acetic acid buffer containing 0.11 M NaCl, they were extracted in a way similar to nontreated extracellular supernatants.
Separation of the mother compounds and their metabolites was performed by reversed-phase HPLC on a Discovery C18 (5 m, 250 ϫ 4.6 mm, Supelco; Sigma-Aldrich) or Alltima HP C18 column (5 m, 250 ϫ 4.6 mm; Alttech Associates Inc., Lokeren, Belgium) using a Gilson chromatographic system (Gilson International B.V. Rijswijk, The Netherlands), according to the method described previously (Elaut et al., 2002 , albeit with small variations of the mobile phase gradient. UV detection was performed at 266 (TSA) and 255 nm (amide-linked structural analogs). For identification of the metabolites, the eluate was split (Acurate; LC Packings, Amsterdam, The Netherlands) to direct 10% to a VG Quattro II triple mass spectrometer with electrospray ionization interface applied in the positive mode with a mass range from m/z 110 to 850 (Micromass, Manchester, UK). Further structural identification was performed by tandem mass spectrometry fragmentation, with detection over a mass range of m/z 75 to 350 (Elaut et al., 2002) .
To determine free and conjugated parent compounds and phase I metabolites, 500 l of supernatant fractions were incubated (37°C, 12 h) with 700 l of 60 mM acetate/0.11 M NaCl buffer supplemented with 10 mM saccharonolactone, 540 IU/ml ␤-glucuronidase-sulfatase H1, or 580 IU/ml ␤-glucuronidase B3. The relative abundances of the glucuronide and sulfate conjugates was determined semiquantitatively by comparing HPLC-UV peak areas before and after hydrolysis. Statistical Analysis. Unless specified, the results are expressed as the mean (Ϯ S.D.) of at least three independent experiments. The group means were compared by a paired Student's t test (metabolic degradation, LDH index in rat hepatocyte cultures), an unpaired Student's t test (metabolic degradation rat/human, humans interindividually), or a two-way analysis of variance followed by a StudentNewman-Keuls test (metabolite formation). A p Ͻ 0.05 was considered to be statistically significant.
Results

Biotransformation of TSA and Compound 1 in
Freshly Isolated and Cryopreserved Human Hepatocyte Suspensions. Suspensions of freshly isolated and thawed cryopreserved human hepatocytes were exposed to TSA and compound 1 under conditions similar to those described previously for rat hepatocytes . In preliminary experiments, the LDH indices of the hepatocytes exposed to 50 M of each compound within 3 h were evaluated. No increases in LDH index were observed in thawed cryopreserved or freshly isolated cells compared with control suspensions in buffer (results not shown).
The metabolic degradation of TSA by a suspension of thawed cryopreserved human hepatocytes pooled from five different donors (Fig. 1A) was slower compared with the rat hepatocyte suspensions. The latter fully degraded TSA within the 1st hour of incubation (Elaut et al., 2002) . This was not due to the cryopreservation procedure, because no differences in the time-dependent breakdown of TSA between freshly isolated and thawed cryopreserved human hepatocytes, prepared from a same donor, were observed (Fig. 1B) . Similar to rat hepatocytes (Elaut et al., 2002) , human cells preferentially reduced and N-dealkylated TSA, resulting in the formation of TSA amide, and N-mono-and N-didemethylated TSA or TSA amide metabolites. There were no large differences in the nature of the major phase I metabolites produced in suspensions of thawed cryopreserved and freshly isolated human hepatocytes after 2 h of incubation ( Table 2) .
As observed in rat hepatocyte suspensions, the metabolic stability of compound 1 in a pool of thawed cryopreserved human hepatocytes was significantly higher than observed for TSA (Fig. 1A) . Although the corresponding amide was a major metabolite of TSA, compound 1 preferentially underwent hydrolysis to produce the carboxylic acid (Table 2) . N-Monodemethyl and carboxylic acid metabolites constituted approximately half of the total amount of metabolites produced after 2 h of incubation of compound 1 with cryopreserved human hepatocytes. A slightly more extensive Ndemethylation of compound 1 was observed in freshly isolated cells, which resulted in the additional formation of small amounts of N-didemethylated 1 (Table 2) .
For both TSA and compound 1, no significant amounts of phase II metabolites could be detected upon treatment of the samples with ␤-glucuronidase H3/B1. Dinor dihydro acid me- 
Effect of Structural Modifications of Compound 1 on HDAC Inhibition Potency and Biotransformation Properties in Freshly Isolated Rat Hepatocyte Suspensions.
As shown in Table 1 , the synthesized analogs are structurally characterized by the linkage of an aromatic benzoyl nucleus to an aliphatic side chain through an amide bond. Whereas the p-substituent on the benzoyl fragment differs for compounds 1, 2, and 4 (-N(CH 3 ) 2 , -H, and -OCH 3 , respectively), analog 5 has an unsaturated (C␣) aliphatic chain. Compounds 1 to 6 share an aliphatic chain of four methylene groups, whereas compounds 7 to 9 possess a 5-carbon chain. With the exception of carboxylic acids 3 and 6, which are potential phase I metabolites of compounds 2 and 5, respectively (Elaut et al., 2002 , the compounds contain a HA functional group. Because of the presence of a methyl substituent adjacent to the benzoyl fragment on their 5-carbon side chains, compounds 8 and 9 are structurally more similar to TSA.
Inhibition of Rat Hepatocyte HDAC. Table 1 shows that the synthesized amide-linked compounds are 10-to 1000-fold less potent in inhibiting rat HDAC than the reference compound TSA (IC 50 ϭ 11 nM). Similar to the results obtained by Jung et al. (1999) in maize HD-2, compound 7 (152 nM) is one order of magnitude more potent than 1 (1920 nM), demonstrating the importance of the spacer length (5-carbon versus 4-carbon spacer, respectively). The newly synthesized compound 1 derivatives, characterized by a removed p-dimethylamino substituent (compound 2) and unsaturated aliphatic chain (compound 5), display a 50% reduced enzyme inhibitory activity. Although derivatives 8 and 9 bear greater structural resemblance to TSA due to the presence of an aliphatic methyl substituent, their inhibiting powers are lower than compound 7. The HDAC inhibitory activity drops with two orders of magnitude in the case of the diene 8. Because of its low activity, this compound was not considered for biotransformation studies. As expected from other structure-activity data (Massa et al., 2001; Mai et al., 2003) and the HDAC inhibition mechanism (Finnin et al., 1999) , the acid metabolites 3 and 6 do not significantly inhibit rat hepatocyte HDAC in the concentration range tested. However, they may constitute important phase I metabolites of compounds 2 and 5, respectively . Therefore, we screened their necrotic effects in freshly isolated rat hepatocyte suspensions and used their major metabolites to identify secondary metabolites of their HA-containing parent compounds.
Phase I Biotransformation in Freshly Isolated Rat Hepatocyte Suspensions. No acute necrotic effects (i.e., increases in LDH index) were observed during a 3-h exposure of freshly isolated rat hepatocytes to a 100 M concentration of HA-containing analogs 2, 4, 5, 7, 8 and 9. Likewise, no cytotoxicity was observed upon exposure of the hepatocytes to 25 M of the acid compound 3. However, 25 M of the acid metabolite 6 of compound 5 significantly decreased hepatocyte viability (results not shown).
The metabolic breakdown of HA-containing amide-linked compounds 1, 2, 4, 5, 7, and 9 (50 M) in isolated rat hepatocyte suspensions is depicted in Fig. 2 . Their major phase I biotransformation pathways identified are summarized in Table 1 . p-Methoxy substitution of the benzoyl fragment (compound 4) accelerated metabolic degradation compared   TABLE 2 Comparison of the relative abundances of the major phase I metabolites of TSA and compound 1 upon their incubation with suspension and cryopreserved and freshly isolated human hepatocytes within 2 h
The experiments were performed as described under Materials and Methods. For TSA, hepatocytes from a single donor were used. In the case of compound 1, the indicated values are the average of results obtained with cryopreserved cells from 10 donors and with three different freshly isolated human hepatocyte incubations. For both inhibitors, a 50 M starting concentration was used. Peak areas obtained after HPLC-UV analysis of the samples were used to determine the relative abundances, e.g., the amount of each metabolite relative to the total amount of metabolite ϩ parent compound (%).
Metabolite
Cryopreserved with p-dimethylamino derivative 1. This was not due to a lower inherent stability of the methoxy substituent, because only minor amounts of O-demethylated metabolites were found after 3 h of incubation. Unsubstituted compound 2 was more stable (37% compound 2 still present after 3 h). Whereas unsaturation of the aliphatic linker of compound 1 resulted in a more rapid degradation, lengthening to five methylene groups increased metabolic stability (compound 7). This effect was abolished by methylation (compound 9) of the aliphatic chain. The HA-moieties of compounds with a 5-C spacer were preferentially reduced, although the analogs with a shorter spacer were more readily hydrolyzed to carboxylic acids. The introduction of a double bond at the C␣ position of compound 5 seemed to favor HA reduction. Biotransformation of Compound 7 in Human Hepatocyte Suspensions. Because of its potent inhibitory capacity toward rat HDAC and its good metabolic stability in the presence of freshly isolated rat hepatocytes in suspension, compound 7 was selected for further incubations with a pool of five thawed cryopreserved human hepatocyte suspensions. The measured LDH indices showed that 50 M was a suitable testing concentration (results not shown). As also observed in rat hepatocyte suspensions, compound 7 was found to be slightly more stable than compound 1. It preferably underwent HA reduction and oxidative N-dealkylation (Fig. 3) .
Biotransformation of TSA and Compound 1 in Monolayer Cultures of Freshly Isolated Rat Hepatocytes. As 50 M TSA induced an increase in LDH index after a 24-h incubation with rat hepatocyte monolayer cultures, its concentration was reduced to 25 M. No significant differences were observed when the monolayers were exposed for 24 h to 50 M compound 1 or the control solvent (0.05 v/v% DMSO). Figure 4 , A and B, shows the time-dependent breakdown of TSA and compound 1 and formation of their major phase I and phase II metabolites, respectively, in the extracellular medium of 1-day-old adult rat hepatocyte monolayer cultures. Consistent with the results obtained in rat and human hepatocyte suspensions, TSA was readily N-demethylated. As a result, N-didemethylated TSA was the major metabolite in the extracellular medium during the first 2 h of incubation. Furthermore, because of the onset of a rapid HA-reduction process, N-didemethylated TSA, TSA amide, and Ndidemethylated TSA amide were among the major phase I metabolites detected in 6-h samples. Monolayer cultures of Fig. 3 . Kinetics of compound 7 consumption and metabolite production in suspensions of cryopreserved human hepatocytes (pool of cells obtained from five patients). Two million hepatocytes per milliliter were exposed to 50 M compound 7 for 3 h. The peak areas detected at 255 nm are shown as a function of the incubation time (n ϭ 2). B) in rat hepatocyte monolayer cultures. One-day-old hepatocytes were exposed to 25 M TSA and 50 M compound 1, and samples were taken immediately after the addition of the medium containing the inhibitors (0 min) and after 1, 2, 3, and 6 h of exposure. Parent compound and metabolite concentrations in the extracellular medium were followed by HPLC-UV (TSA, 266 nm; compound 1, 255 nm). Results (n ϭ 3) are expressed as percentage of the total peak area in the samples taken at the indicated time points; means Ϯ S.D. were omitted for clarity reasons. Because the extinction coefficients of the metabolites at the detection wavelength are not known, the results are semiquantitative. The amounts of glucuronide metabolites were derived from the differences in peak areas between nonhydrolyzed and ␤-glucuronidase B3-treated samples as described under Materials and Methods.
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at ASPET Journals on April 8, 2017 jpet.aspetjournals.org rat hepatocytes also formed relatively large amounts of Nmonodemethylated dinor dihydro trichostatic acid (approximately 25% of the total amount of metabolites starting from 1 h of incubation), a metabolite produced in small amounts upon in vivo administration of TSA to mice (Sanderson et al., 2004) but not detectable in hepatocyte suspensions. Trichostatic acid, N-monodemethylated trichostatic acid, and dihydro trichostatic acid were minor metabolites. Whereas no phase II conjugations of TSA nor those of its phase I metabolites could be observed previously in hepatocyte suspensions (Elaut et al., 2002) , a gradual glucuronidation of TSA, its N-demethylated amide metabolites, and trichostatic acid was seen in the monolayer cultures. TSA glucuronide, Nmonodemethylated dinor dihydro trichostatic acid, and Ndidemethylated TSA amide were among the major metabolites after 24 h of exposure (Table 3 ). The site of glucuronidation is currently unknown as a comparison of peak areas before and after hydrolysis was used here to determine the amount of phase II conjugates. No intracellular accumulation of the parent compound or its metabolites could be detected. However, upon protein precipitation before clean-up by solid-phase extraction, a 1.5-fold increase in total peak area was obtained. Comparison of the individual metabolite peak areas before and after protein precipitation revealed that N-didemethylated TSA amide glucuronide, trichostatic acid glucuronide, and dihydro dinor trichostatic acid were extensively bound to cellular and/or excreted proteins (Table 3) .
Whereas TSA was more susceptible to phase I biotransformation than glucuronidation, a large amount (80%) of compound 1 was glucuronidated immediately upon exposure to the hepatocyte monolayers (Fig. 4B) . As observed in suspensions, the monolayers initially did not N-demethylate compound 1 but preferentially formed the corresponding acid metabolite. Glucuronidated 1 and 1-acid glucuronide were the major metabolites during the first 6 h of exposure (Fig.  4B) . During the following hours, N-demethylation of both the parent compound and the 1-acid metabolite resulted in the production of N-monodemethylated 1-acid, N-monodemethylated 1-acid glucuronide, and N-monodemethylated 1 as major metabolites after 24 h. In addition, considerable amounts of the reduced metabolite, 1-amide, were formed (Table 3) . Protein precipitation of the 24-h samples revealed that the sulfate conjugates of compound 1, 1-amide, and N-monodemethylated 1-acid had a high protein affinity (Table 3) .
Discussion
Among the different classes of HDACi now available, TSA and its structural analogs remain among the most interesting because of their potent and reversible inhibitory properties, as well as their relatively easy synthesis (Vanhaecke et al., 2004b; Elaut et al., 2006) . However, they are metabolically unstable Elaut et al., 2004; Sanderson et al., 2004) . Thus, it seems interesting to look for possibilities to improve their biotransformation properties. This will aid in the identification of the most appropriate compounds for further drug development and/or for the prevention of dedifferentiation of primary cells in culture.
In this study, we compared the rat hepatocyte HDAC inhibition potencies and in vitro biotransformation properties of nine structural amide-linked analogs of TSA (Table 1) in rat and man. We found that, although they are less potent inhibitors than TSA, all analogs are more resistant to phase I-dependent metabolic inactivation in both rat and human hepatocyte suspensions. Compounds 1, 2, and 7 were found to display the best balance between inhibition potency and metabolic stability. Importantly, structural modifications of the aliphatic spacer seem to affect both the rate and pathway of metabolic inactivation of the functional group.
Some observations recently made by our research team in primary hepatocyte cultures support the significance of a higher metabolic stability with respect to cellular efficacy. Although the IC 50 values of TSA and compound 1 in rat hepatocyte lysates differ almost 200-fold (Table 1), only 50-TABLE 3 Relative abundances of the phase I and II metabolites of TSA and compound 1 after 24 h of incubation with 1-day-old rat hepatocyte monolayer cultures and the influence of protein binding
The experiments were performed as described under Materials and Methods. Starting concentrations of TSA and compound 1 were 25 and 50 M, respectively. Peak areas obtained after HPLC-UV analysis of the samples were used to determine the relative abundances, e.g., the amount of each metabolite relative to the total amount of metabolite ϩ parent compound (%). . It is not yet clear whether the inhibitors are more rapidly degraded by rat than human hepatocytes. Freshly isolated and thawed cryopreserved human hepatocytes lost approximately 50% of their membrane integrity during the 1st hour of incubation, after which viabilities remained stable, which is in line with the observations made by Blanchard et al. (2005b) and Richert et al. (2006) . In contrast, the viabilities of rat hepatocytes changed only little (approximately 10%) during the entire 3-h incubation period (Elaut et al., 2005) .
However, our results did show that both species more rapidly metabolize TSA than compound 1 and that similar metabolic pathways are involved. Analogous results were obtained in cryopreserved and freshly isolated human hepatocyte suspensions. As we have shown previously that one of the major phase I biotransformation pathways of TSA (i.e., HA reduction) is catalyzed by nonmicrosomal enzymes (Elaut et al., 2002) , cryopreserved human hepatocyte suspensions and not human liver microsomes might be an appropriate tool for the future phase I biotransformation screening of a larger number of structurally related, potential drug candidates.
Experiments in monolayer cultures of primary adult rat hepatocytes showed that glucuronidation can be a major elimination pathway of TSA and, in particular, of compound 1. However, the importance of this phase II detoxification pathway in vivo is as yet unknown. When TSA was administered to mice, glucuronide metabolites could not be detected in plasma (Sanderson et al., 2004) . However, rodent hepatocytes can actively excrete glucuronide metabolites with a molecular mass higher than 250 Da into bile (Parkinson, 1996) . Therefore, enterohepatic recirculation might play a role in the in vivo clearance of hydroxamic acid-based HDACi.
